Afferent lymphatic vessels bring antigens and diverse populations of leukocytes to draining lymph nodes, whereas efferent lymphatics allow only lymphocytes and antigens to leave the nodes. Despite the fundamental importance of afferent vs. efferent lymphatics in immune response and cancer spread, the molecular characteristics of these different arms of the lymphatic vasculature are largely unknown. The objective of this work was to explore molecular differences behind the distinct functions of afferent and efferent lymphatic vessels, and find possible molecules mediating lymphocyte traffic. We used laser-capture microdissection and cell sorting to isolate lymphatic endothelial cells (LECs) from the subcapsular sinus (SS, afferent) and lymphatic sinus (LS, efferent) for transcriptional analyses. The results reveal marked differences between afferent and efferent LECs and identify molecules on lymphatic vessels. Further characterizations of Siglec-1 (CD169) and macrophage scavenger receptor 1 (MSR1/CD204), show that they are discriminatively expressed on lymphatic endothelium of the SS but not on lymphatic vasculature of the LS. In contrast, endomucin (EMCN) is present on the LS endothelium and not on lymphatic endothelium of the SS. Moreover, both murine and human MSR1 on lymphatic endothelium of the SS bind lymphocytes and in in vivo studies MSR1 regulates entrance of lymphocytes from the SS to the lymph node parenchyma. In conclusion, this paper reports surprisingly distinct molecular profiles for afferent and efferent lymphatics and a function for MSR1. These results may open avenues to explore some of the now-identified molecules as targets to manipulate the function of lymphatic vessels.
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lymphatics | cell traffic | lymphocytes | endothelium L ymphatic vessels have unique functions different from those of blood vessels. These unique characteristics also reflect the preferential expression of certain molecules on lymphatic endothelium versus blood vessel endothelium. Molecules and mechanisms controlling angiogenesis and lymphangiogenesis are extensively studied (1) . In contrast, the molecular mechanisms involved in cell entrance via the afferent lymphatics to and their exit from a lymph node (LN) via efferent lymphatics are less well known. Molecules such as lymphatic vessel endothelial hyaluronan receptor-1 (Lyve-1), podoplanin, vascular endothelial growth factor receptor-3 (VEGFR-3), and prospero homeobox 1 (PROX1), which discriminate lymphatic from blood vessel endothelium are expressed at roughly comparable levels both on afferent and efferent lymphatics in human (2) . Moreover, molecules known to participate in physiological cell trafficking such as sphingosine-1-phosphate receptor, macrophage mannose receptor, and Clever-1/ Stabilin-1 act both on the afferent and efferent arms of the lymphatic vasculature (3) (4) (5) (6) . Functionally afferent and efferent lymphatics have a fundamental difference: most leukocytes can enter the LN via the afferent lymphatics, but only lymphocytes can exit the nodes via the efferent lymphatics under steady-state conditions. Access to the efferent lymphatics is a major control point both in leukocyte trafficking and tumor spread. This control point decides what type of immune response is created elsewhere in the body and it also determines what types of cancer cells can leave the draining LN. Even though this phenomenon is well recognized, the molecular mechanisms behind it are completely unknown. Therefore, we used a genome-wide microarray approach followed by expression analyses at the protein level to identify molecules preferentially expressed either on afferent [subcapsular sinus (SS)] or efferent [lymphatic sinus (LS), i.e., cortical and subcortical sinuses] murine lymphatics, and tested these differences in mouse and man. Siglec-1 (CD169) and macrophage scavenger receptor 1 (MSR1/CD204) were found to be present on lymphatic endothelium of the SS, whereas endomucin (EMCN) was found on lymphatic vasculature of the LS. In functional tests, we discovered MSR1-mediated binding between lymphatic MSR1 and lymphocytes and a role for MSR1 in controlling lymphocyte entrance from the SS into the LN parenchyma.
Results

Microarray Analyses Reveal Differentially Expressed Genes Between
the Afferent and Efferent Arms of the Lymphatic Vasculature. Two methods, laser capture microdissection (LCM) and cell sorting with flow cytometry, were used to isolate lymphatic endothelial cells (LECs) from the afferent and efferent arms of lymph node lymphatics. For laser microdissection the cells were collected from the SS endothelium and LS endothelium. The harsh procedure (Methods) limits the possibilities of using the majority of the antibodies Significance This paper elucidates one of the enigmas in immunology: What determines the discriminative traffic via afferent and efferent lymphatics? We report so far unrecognized and vastly distinct molecular profiles of lymphatic endothelial cells (LECs) in the afferent and efferent arms of the lymphatic system in the lymph nodes. Moreover, the work takes three of the hit molecules to more detailed analyses regarding their expression and function, and presents a previously unknown function in regulation of the lymphocyte traffic for macrophage scavenger receptor on LECs of the subcapsular sinus. Importantly, the findings of this work may potentially be exploitable in drug design when searching for new targets to manipulate immune response or cancer spread.
commonly used to identify lymphatics and macrophages. The preliminary testing showed that using CD31 as an endothelial marker and F4/80 as a macrophage marker to discriminate macrophages from lymphatic endothelium is compatible with the applicability of the antibodies for the required conditions (Fig.  1A) . Anti-CD31 was used to detect all LECs and F4/80 to detect particularly those macrophages that line the endothelial layer (www.macrophages.com/subcapsular-sinus-lymph-node) in the SS. For cell sorting with flow cytometry the target populations were detected as a lineage − /podoplanin + population set to comprise 1% of the total digested LN cells based on the previous literature (7) . CD73 that is expressed on the SS endothelium but not on the LS endothelium (8) was then used as a marker to sort 12% of the brightest CD73 + (SS endothelial cells) and the dimmest 12% (CD73 − LS endothelial cells) of the cells as shown in Fig. S1 .
To compare the LECs at the two arms of the lymphatic vasculature in peripheral lymph nodes in more detail, we performed microarray analyses of the isolated cell populations and studied the differences in transcriptomics between the two groups of cells. The data show that the gene expression signatures of LECs differing in location were clearly distinct ( Fig. 1 B and C) . The expression of 399 genes, including many long noncoding RNAs (lncRNA), was up-regulated in LS endothelial cells by at least eightfold, whereas 286 genes showed more than eightfold reduction in expression (Figs. S2 and S3 and Table S1 ). When the differentially expressed genes were further subjected to unbiased annotation enrichment analyses and functional grouping analyses, several enriched annotations in many categories related to cellular processes and metabolic functions were detected, especially in the down-regulated group of genes. In addition, several categories pointing to stress-and immune responses were enriched (Table S2 ).
MSR1 and Siglec-1 Are Preferentially Expressed on the Afferent Lymphatic Endothelium, Whereas EMCN Is Present on the Efferent Lymphatics. Expression profiles of those candidate molecules with marked differences between SS and LS both in man and mouse and having antibodies and/or KO animals available were selected for further studies. MSR1, Siglec-1, and EMCN fulfilled those criteria. The fold difference between SS and LS for MSR1 was 26 and for Siglec-1, 18.4. The fold difference between LS and SS for EMCN was 15.4. Also their expression on the cells gated using the same strategy as in cell sorting for the microarray analysis confirmed their presence on LECs. MSR1
+ cells formed a separate subpopulation among SS endothelial cells, whereas Siglec-1 and EMCN positivity was seen as a positive shift in SS and LS endothelial cells, respectively (Fig. 1D) .
MSR1 and Siglec-1 are well-known macrophage molecules and EMCN is an endothelial molecule also present on stem cells (9, 10) . It is difficult to unambiguously discriminate between macrophage and lymphatic endothelial positivity in the SS and occasionally between the lymphatics and blood vasculature using only immunohistochemistry. Therefore, we stained isolated LECs from peripheral and mesenteric lymph nodes (PLNs and MLNs) and analyzed them using flow cytometry. This time we used more markers than in the initial characterization (Fig. 1D) to unambiguously confirm the presence of the markers on LECs. We used double Lyve-1/podoplanin positivity and CD45/CD11b double negativity as the selection criterion, because the LECs are not uniformly positive for both Lyve-1 and podoplanin ( Fig. 2A) , and they are also present on other CD45
− cell types in LNs (podoplanin for example on fibroblastic reticular cells). The gating strategy to Fig. 2I is shown in Fig. 2 B-H. The results demonstrate that MSR1, Siglec-1, and EMCN are expressed on podoplanin + /CD31 + /Lyve-1 + populations with approximate percentages 62.7 ± 5.4 n = 3, 7.1 ± 4.8 n = 3, and 11.4 ± 8.4 n = 4, respectively. Examples are shown in Fig. 2I .
Next we stained PLN and MLN tissue sections using anti-MSR1, anti-Siglec-1, and anti-EMCN antibodies. In PLNs, the MSR1 and Siglec-1 positivity nicely located to the SS. However, MSR1 positivity mainly located to the floor of the SS, whereas Siglec-1 + endothelial cells were occasionally lining the roof, although not in a continuous manner. Neither of them was present in endothelium of LS ( Fig. 3A and Fig. S4 A-C) . In contrast, EMCN, an endothelial molecule decorated with the MECA 79 epitope and contributing to L-selectin-dependent entrance of lymphocytes into the LNs via high endothelial venules (9, 11) was not present in lymphatic endothelium of the SS, but was present in a subset of Lyve-1 positive and negative LS endothelium in line with the FACS staining shown in Fig. 2I (Fig. 3B) .
MLNs drain the gut mucosa and Peyer's patches (PPs) and their afferent lymphatic vessels are in fact efferent lymphatic vessels for PPs. Interestingly, the SS of MLNs were positive for MSR1 and Siglec-1 and their LS negative for these molecules, thus MLNs phenotypically resemble PLNs in this respect ( Fig. S4 B-C) . Here again, LSs were positive for EMCN, although the expression was less abundant than in PLNs (Fig. S4D ). PP sections were double stained with anti-MSR1 or anti-Siglec-1 and anti-Lyve-1. Practically no Siglec-1 + or MSR1 + endothelium was detected (Fig. S4E ). In contrast, the Lyve-1 + lymphatic vessels were highly positive for EMCN in agreement with their efferent nature (Fig. S4E) .
The expression profiles of MSR1 and Siglec-1 were further tested in skin, where the beginnings of the lymphatics are recognized as blind-ended sacs. Only a subset of lymphatic vessels was found positive for MSR1 and Siglec-1 in immunohistochemistry 
MSR1 on Lymphatic Endothelium Mediates Binding of Lymphocytes.
We first checked whether MSR1 deficiency has an effect on the LN architecture or on its lymphocyte subpopulations. Immunohistochemical and flow cytometric analyses did not reveal any obvious aberrancies between the LNs of KO and WT mice (Fig. 5A ). Next we used ex vivo frozen section-binding assays to evaluate whether MSR1 on the lymphatic endothelium mediates binding of lymphocytes. As it is practically impossible to discriminate lymphocyte binding to macrophages and LECs in ex vivo frozen section assays, we tested lymphocyte binding to the SS of LNs of clodronate-treated mice after confirming that SS macrophages had been efficiently eliminated, whereas the LECs had retained their clear MSR1 positivity (Fig. 5B) . In these assays, lymphocytes bound efficiently to the SS and the binding was inhibited with anti-MSR1 antibodies (Fig. 5C ). The same magnitude of reduction in lymphocyte binding to the SS in clodronate-treated MSR1 KO mice was seen in comparison with their WT controls also treated with clodronate ( Fig. 5C and Fig. S6A ). We further confirmed the MSR1-dependent binding using cultured primary mouse LECs and the antibodies found inhibitory in ex vivo adhesion assays. Nearly all Prox-1 + LECs were MSR1 + , although both of these markers were expressed in variable intensity ( Fig. 5 D and E) . These assays clearly demonstrated that MSR1 on LECs is able to mediate adhesion of lymphocytes to the endothelium (Fig. 5E ). Moreover, we created an MSR1-Fc chimera to test adhesive interactions between lymphocytes and MSR1 more directly. This chimera specifically bound to subpopulations of B cells, CD4
+ and CD11b + cells but not to CD8 + cells, indicating that MSR1 can directly bind to leukocytes in a cell-specific manner ( Fig. 5F and Fig. S6B ).
MSR1 Controls the Entrance of Lymphocytes to the LN Parenchyma.
To test the in vivo significance of MSR1 in lymphocyte traffic, we performed homing assays by injecting lymphocytes to the footpad of MSR1-deficient and WT mice and measured the number and location of fluorescently labeled lymphocytes in the draining LNs. In 12-h homing assays no significant differences were observed in the total number of fluorescently labeled cells or in CD4 + , CD8 + , or B cells within the draining LNs between the genotypes (Fig. 5G and Fig. S6 C-E) . Instead, when the distribution of the homed cells within the nodes was analyzed in 4.5-h homing assays by measuring the distance of the arrived cells from the SS, the lymphocytes migrated significantly further in MSR1 KO than in the WT mice ( Fig. 5H and Fig. S6F ).
MSR1 Is also Discriminatively Expressed in Human SS and LS and
Mediates Lymphocyte Binding. To test how closely the expression patterns of Siglec-1 and MSR1 in mouse resemble those in humans, we used PLNs resected in connection to surgery for head and neck cancer but being macroscopically and microscopically free of cancer. Despite this approach, there was a certain degree of variability in the expression patterns between the donors, most likely reflecting the possibility that the disease has induced aberrant expression of MSR1 and Siglec-1. For further studies, only the nodes having comparable expression patterns with mouse were chosen for functional ex vivo adhesion assays. In these assays, lymphocyte binding both to the SS and LS was measured in the presence and absence of anti-MSR1 and Siglec-1 antibodies (Fig. 5I) . Anti-MSR1 antibody significantly inhibited the binding of lymphocytes to the SS but no inhibition was seen to the LS. The slight inhibition of lymphocyte binding to SS with antiSiglec-1 antibody did not reach statistical significance (Fig. 5I ).
LECs and Macrophages Express SR-AI and SR-AII Variants of MSR1.
Human MSR1 has three different transcript variants in macrophages, two being functional scavengers and the third one that has been suggested to regulate the two other ones (12, 13) . Like macrophages, also the primary LECs expressed two of the three MSR1 transcript variants, SR-AI and SR-AII (Fig. S7) .
Discussion
In this work we were able to show that a multitude of genes are differentially expressed in afferent and efferent lymphatics clearly demonstrating the unique characteristics of these two subtypes of LECs. Even if we only considered genes up-or down-regulated more than eightfold, 685 genes fulfilled the criteria of differential expression. These genes belong to a wide variety of categories including genes encoding chemokines, adhesion molecules, growth factors, ion channels, and metabolic pathways. This wide variety strongly suggests that the afferent and efferent endothelial cells are very different in many aspects.
Isolation methods for gene expression analyses both with laser capture microdissection and sorting with flow cytometry have their characteristic limitations, which can cause false positive signals due to contaminating cell populations (14) . Laser capture microdissection requires rapid processing in harsh conditions allowing the use of only those antibodies, which give a strong signal and are able to stand the treatment of the tissue. Sorting, on the other hand, needs a combination of different antibodies as none of the antibodies is entirely specific to the lymphatics, and the microanatomical location of the cells cannot be used as a criterion. In addition, cell suspensions containing single endothelial cells are challenging to obtain and the sorting purity is never 100%. For instance, F4/80 is not expressed in all macrophage subpopulations in lymph nodes (15) and CD73 is also present on podoplanin + fibroblastic reticular cells (16) . Therefore, we decided to use both of these isolation methods to collect samples for microarray analysis and select candidate molecules for further studies from those, which were defined as differentially expressed genes when combining samples from both techniques. Nevertheless, the expression of individual genes should be interpreted with caution also in our dataset as in any whole-genome expression study.
MSR1 and Siglec-1 are well-known macrophage molecules and Siglec-1 is especially present on the SS macrophages (17) . However, their expression and function on the lymphatics has not been described. Siglec-1 expression is low on lymphatics and more restricted than the expression of MSR1 in the SS being in line with a very low signal (below the cutoff) in IMMGEN analyses (www.immgen.org). MSR1 is a known receptor for acetylated LDL and therefore intimately connected to the development of atherosclerosis (18) . To be able to discriminate the function of MSR1 on lymphatics from that on macrophages, we depleted SS macrophages with clodronate. This treatment did not abolish MSR1 on the lymphatic endothelium. Besides being present in the SS, MSR1 is also expressed on the medullary sinus endothelium (as seen in Fig. 3A) , but not on cortical or subcortical LS. This is well in line with the report of Braun et al. (19) who found that lymphocytes directly infused into the afferent lymphatics enter the lymph nodes preferentially via the medullary sinus, but use the SS when injected together with dendritic cells.
Besides acetylated LDL, MSR1 on macrophages has additional ligands and can bind a wide variety of bacteria. It also mediates macrophage adhesion to the culture surfaces in vitro (20) , thus demonstrating its adhesive properties. We could show that lymphocytes bind to the SS in an MSR1-dependent manner and LECs can support adhesion of lymphocytes, thus revealing the functional importance of this molecule in cell-cell interaction. We also tested a possible role for MSR1 in overall homing of footpad-injected lymphocytes via the afferent lymphatics, but could not see any difference between WT and KO animals, when we analyzed the number of homed cells by flow cytometry. This is consistent with the expression pattern of MSR1 that is scarce in the afferent lymphatic vessels in the skin and becomes abundant only in the SS. lymphatic MSR1 in this process. As we also were able to demonstrate direct binding of recombinant MSR1 to lymphocytes, we interpret the results so that lymphocytes interact with LECs involving adhesion mediated by MSR1 and this process slows down the entrance of lymphocytes from the SS to lymph node parenchyma. Many cancer types, as for example breast and head and neck cancers, prefer the lymphatics as the route for metastasizing. Therefore, it could be envisioned that MSR1 may also be involved in cancer cell entrance into the lymph nodes.
An interesting terminological question is: What is the nature of the lymphatics leaving the PPs and entering the MLNs, as the same vessels are efferent for PPs and afferent for the MLNs? The lack of MSR1 and Siglec-1 on the lymphatics of PPs and their appearance on the lymphatics when approaching the MLNs indicate phenotypical and location-dependent heterogeneity within a lymphatic vessel, which matches well with the selective expression of MSR1 and Siglec-1 on the afferent lymphatics. Moreover, the abundant expression of EMCN on PP lymphatics is in line with their efferent nature.
One of the fundamental functional differences between LECs is that the afferent lymphatic endothelium interacts with several leukocyte subtypes, whereas endothelial cells in the efferent lymphatics only mediate lymphocyte trafficking. Theoretically, this may be due to the trapping of other leukocytes by the structures within the nodes or lack of appropriate traffic signals and molecules in efferent lymphatics. In the list of differentially expressed genes, few molecules are known to participate in intraorgan and/or cell trafficking via blood vessels (21, 22) and may potentially be involved in the selective trafficking in the different arms of the lymphatic system as well. Such molecules are for example CCL12 and CCL19. On the other hand, there are some unexpected candidates such as for example the β2-adrenergic receptor that has been recently described as an important receptor on lymphocytes regulating lymphocyte egress from LNs by enhancing retention-promoting signals through CCR7 and CXCR4 (23) . Preferential expression of the β2-adrenergic receptor on the lymphatic endothelium of the SS in our analyses suggests that it may also have a role in the lymphatics.
In this work, we have elucidated the differences between the afferent and efferent arms of LECs within the LNs. The results revealed marked differences in gene expression of many molecular categories and pathways reflecting their functional differences. These newly identified differences may provide targets for drug development to manipulate lymphangiogenesis, cellular traffic, as well as metabolic and fluid balance to control different disease entities.
Methods
Mice. C57BL/6J WT and MSR KO mice were from The Jackson Laboratory. All animal experiments were approved by the Ethical Committee for Animal Experimentation in Finland.
Laser-Capture Microdissection and Pressure Catapulting. Laser-capture microdissection and pressure catapulting (LCMP) was conducted on a PALM microbeam instrument. Murine peripheral LNs were used for isolation of LECs from SS and LS. To maximize the collection of the right cells, the sections were stained with Alexa Fluor 488 anti-mouse CD31 and PE-Texas Red anti-mouse F4/80 antibodies and in SS and LS only discrete CD31 + cells were collected (see Table S3 for detailed information about antibodies). In bioinformatics analyses, the differential gene expression between the SS and LS of the LCM samples were tested with a one-way ANOVA and an adjusted P value was calculated by the method of Benjamini and Hochberg (24) . All samples of the LS and SS populations were further used as a test and reference group, respectively, by performing Student's t test (two tailed). The differentially expressed (DE) genes were selected requiring a fold-change above two-or eightfold and P < 0.05. A detection P value (Rosetta resolver error model) (25) was also calculated for each reporter.
Functional grouping analyses were performed using the differentially expressed genes as input gene populations. The annotations were derived from Gene Ontology databases and various other pathway resources curated by Miltenyi Biotec. The differentially expressed reporters were tested for significant enrichments of annotations using the TreeRanker software (Miltenyi). The frequency of the association of a category with the input reporter set was compared with that of a background set (Agilent 8 × 60 K array genes). P values were computed by Fisher's exact test with Benjamini-Hochberg correction for multiple testing. The data were further analyzed using the GENE-E analysis platform (https://www.broadinstitute.org/cancer/software/GENE-E/).
Immunohistochemical Analyses. Frozen sections were stained with primary antibodies against mouse CD204, CD169, EMCN, Lyve-1, podoplanin/gp36, and PLVAP-1 (Meca 32) followed by relevant second-stage reagents. The following direct conjugates were used: Alexa Fluor 647 anti-CD4, Pacific Blue anti-CD45R, Alexa Fluor 488 anti-CD8, Alexa Fluor 488 anti-CD204, and Alexa Fluor 488 anti-Lyve-1. Alternatively, paraffin-embedded LN sections were stained with primary antibodies against Lyve-1 and podoplanin/gp36 with proper second-stage reagents. Primary mouse LECs (MLECs) were stained with directly conjugated primary antibodies: Alexa Fluor 647 anti-CD204, Alexa Fluor 488 anti-CD31, and unconjugated anti-PROX1.
Flow Cytometric Analyses. The following primary, secondary, and isotype control antibodies were used against mouse: APC-Cy7 anti-CD45, APC-Cy7 anti-CD11b, PE/Cy7 anti-podoplanin, APC anti-CD31, PE anti-Lyve-1, eFluor 660 anti-EMCN, anti-CD204, anti-CD169, anti-EMCN with proper controls. Cells were analyzed on a FACSAria and LSR Fortessa using FlowJo software.
Adhesion Assays. Ex vivo. In principle the adhesion assays were performed as described earlier (26) . The number of lymphocytes bound to SS and LS was counted under dark-field microscopy. To be able to standardize day-to-day variations between the experiments, binding to the control sections was set to 100% by definition. Macroscopically and microscopically normal LNs from three anonymous human donors (obtained from surplus tissue from surgical operations) and blood samples for lymphocyte purification from healthy volunteers (informed consent obtained) with the permission of the Ethical Committee of Turku University Hospital and three different KO and WT mice were used. In vitro 1. MSR1-Ig chimera and control Ig were incubated with mouse lymphocytes and the binding was detected using biotin-conjugated anti-human Ig Fc followed by Alexa Fluor 488 streptavidin. Statistical analyses were performed using the Mann-Whitney u test. In vitro 2. Lymphocyte binding to primary MLECs was tested as previously described (27) .
Lymphocyte Migration in Vivo. Carboxyfluorescein diacetate succinimidyl ester (CFSE)-labeled lymphocytes were injected subcutaneously into the hind paws of WT or MSR1 KO mice. After 12 h or 4.5 h the draining popliteal LNs were collected for further analyses. Single cell suspensions of the LNs for flow cytometry were stained with the lymphocyte markers for CD45R, CD4, and CD8a. Unfixed frozen sections were stained with anti-mouse Lyve-1. The shortest distance of each CFSE + cell in the LN parenchyma from SS was measured manually using Zen2012 (Carl Zeiss). Statistical analyses were performed using the Mann-Whitney u test.
Macrophage Depletion. SS macrophages were depleted by subcutaneous injections of clodronate or control liposomes (28) to the footpads.
Statistical Analyses. Statistical analyses used have been indicated in each methodological description if not two-tailed Student's t test and the P values have been presented in figures/figure legends.
